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ABSTRACT

The free-expansion of a thin ring has been used to measure the dy-
namic flow curves of five moterials at strain rates of the order of 5000 per
second. The technique involves calculation of the second derivative of the
strain-time record obtained by high-speed photography. This report contains
the strain-time records and resultant flow curve equations for these five ma-
terials. This report also includes a summary of the treatment and properties
at low strain rates of the ring materials used in this work and in the dynamic
uniform elongation to failure work de.;cribed in the Second Interim Report
(WAL TR 111.2/20-1).
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I. INTRODUCTInN

The behavior of materials in high energy rate forming operations is
determined by two distinct factors. The first of these involves the deformation
mechanics of tile piece being formed; that is, it has to do with the propagation
and interaction of the plastic strain waves by which deformation occurs. The ]
second involves only the effect of rate of strain on the deformation of the ma-
terial (in the microscopic sense) and the resultant changes in stress levels and
ductility in the material.

The First Yearly. Progress Report (\VAL TR 111.2:20) describe., a
technique for measuring tile high strain rate mechanical properties of materials
under conditions where the first of these factors, the deformation mechanics, is
greatly simplified. The technique involves the observation of a freely expanding
ring of tile material which has been giv'en an initial radial velocity outward by an
explosive-generated shock wave. High-speed photographic observation of tile ring
leads to a measurement of the strain in the ring as a function of time. The second
derivative of N5ts relation is directly proportional to the stress in tme ring at any
instant in time. (See WAL TR 111 .2/20.)

The ring experiment represents a deformation system in which tile
stress in the ring is everyvwhere uniform and uniaxial. It thus provides a meas-
ure ot the mechanical behavior of materials at high rates of strain in the absence
of plastic waves.

We have used this technioue to measure the high strain rate srcss-
strain relation for five mattrials. Included in this report is a detailed descrip-
tion of the materiais used in this studl,. We have also included here the raw
diameter-time data which were obtained from the photographic records in these
tests, and the high strain rate stress-strain relations which have been calculated
from these data. The details of tile experimental technique and interpretation and
discussion of these results will form the basis of a later report.

The Second Interim Report (WAL TR 111.2/20-1) for this program deals
with the use of this ring technique to measure the uniform elongation to failure of
a number of materials at high rates of strain. The ring represents a system which
is deforming uinder a honlogeneous, uniaxial stress system. By expanding tie rings
to failure with a grid on them, it is possible to measure the elongation in regions
awva froni necks and failures. This measurement represents thw usable ductility
of a material at these strain rates under these loading conditions. Tile results of
this program are' given in dctail in the Second Interim Report (WAL TR 111 2.,,20-1).
"I"his report contains a more dctaiicd description of tile properties of the materials
that were used in this program.

arthur l3linile'Jnr. i
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II. MATERIALS USED IN TIlE RING EXPANSION PROGRAMS

Dynamic stress-strain measurements in the second series of experi-
ments were made onl five materials: 99.99kr aluminum, 7075-T6 aluminum,
Armco iron, 304 stainless steel, and titanium - 6 alumiinumn - 4 vanadium. The
uniform elongation to failure tests were reported in the Second Interim Report
(WAL YR 111.2/20-1) for seven materials: 7075-T6 aluminum, titanium -

6 aluminum - 4 vanadium, 304 stainless steel, 1015 steel, Armco iron, hardened
and tempered 4340 steel, and annealed 4340 steel. There was a total of eight
different materials used. Those which were used in both programs were used in
identical conditions, so thc properties given in thi, section for thicc mdaterials
apply to them for both the stress-strain woik and for the uniform elongation to
failure program.

A. MATERIALS

The sources of the rings and tensile specimens used are given in
"Table 1. The rings w'e ic taken flOill transve\'rse sections of bars or- tulhes. In

,n,, 1 ,11t I [ It w:Ia not possiNC to obtalII i enrsile speclillen S t )l t Ie Io(). Stl 'illl in ac
COllipalisolls whose axes lay It the transverse section. The source of the teusilIC
specimens is therefore also indicated in Table 1. In some cases, the tensile
spvciinens were not taketn from the same piece of stuck. These cases are also
indicated in Table I. Table 11 lists the treatments given the specimens after
fabrication. T!-e use of standard tensile specimnens taken in directions other than
that of the rings was necessitated by the lack of a method for expanding rings to
failure at low rates of strain while measuring stress and strain values. The use
of tensile specimens from directions other than the ring directions introduces the
problem of material anisotropv. In order to me1,asure differences due to anisotropy.
hardncess mneasulirements were taken it the dirt.ciion of major strain for the rings

1nd tensile specimens before deformation. These hardnesses are givecn in Table
1l1. They are the average of four readings for each specimen. Although these
data are not comiplete. thley do providc somell indications as to the valie of the?
tensile sccineus for prov'iding the low strain rate comparison data. The only
two matervials for whicih thlere are significant ha rdness differenccs betweeii the
ring and tensile specimens in the di rection of major strain are the Titanium -
6 0lu1 in no111 - 4 vanadium and the hardened 4340 steel. In the case of the high
strai 11ate sirC-ss -Cstrain inca surenments on the Ti-bAI-4V alloy, the inc reased
stress level on rings at high strain rates cannot be a restilt of this anisotropy.
Ssince the ttCilsilc' haIIdIWs,-, iJui)'ubr is the higher of thie two. -Ilie hardness differ-
. nce is in the wrong dir'ectiorn to account tor a part of the high strain i-ate stress
in li-ease foi tills m te vial

.arthur 1PlilJAL. n..



3I
The hardness differences for both materials could possibly explain tlie

inc reased ductilitV for the rings of both materials, The ha rdness diffl renClces8 ai'c
in the right directiont Howevcr, the rnagnittudes of the expected ductility changes
due to these hardness differences are much lower than the differences which v.

avt ohs 'ved and ascribed to th,, strain lalt_ eff,,_ct. For example, the hardne-ss
difference for the 4340 -,toel wot ld he expected to increase the total elongation to
failure from 13:. for the harder material to 13. 5" for th0e softer maltrial at low

strain rates.1

In fact, we observed a changve in the uniforml elongation from 2'.,' for tihe
teLnIueC SpiL' mlelnIl " to 1 ..> tie' ring,. This dlef trerict m11ust be a1n1ost colmlpletely
ascribed to the change in sri-ailln rad..

B. TENSILE PRoPRI-''Fll-S

Thu tt.nlsilc properties at low stiali rates we-t- carried out on spe c-
imens h:•vi ing 3/8 -iir(ch1 d na n11to0r thruaddd cu'd: and o 0. 125S-inch sqcuarC cross
sectiot)n over a I - 1/2 - inch gaulQe leCngth l1h1 spcLItl llnein wclt- approxillrately 3
inlies !11 over-all Iclngth. (Se t i tl 4. S.conid niitt. un cpo.t , VWAL Ill 2/20-i
Tihe\ \VwereV pulled Il nl nISlUIt io imachiiiU at miraili rtdels of the order of 10.3 per
second. Ulnrforun and total elongation measurements were madce oln the specimenitself by rneans of a photo-deposlted grid. Thew btrain axis on the Stress-St rain

cuIrIVOeS wa S adjusted fol uthe lilncasilud to'el ci ongat iun

the lensile strYess-strFan cIurves for the eight materials 'Ire given in
Figures 1 - 8 I. hl addition, Table IV lists the valuc-s of the yield and tcnsile
strengths, a nId the unHi fi'mrn and total clonigatlins.

OP

II

.Metal Data, Samuel L. Hovt. Reinhold Publishing Corporation (New York,
1952) p. 123.

4krthir 
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TrA B LE I

SOURCES OF MATERIAL

SOURCE OF RING SOURCE OF TENSILE
MATERIAL SPICI MENS SPECIMENS

09 �Al i -mmu intl ]'rTnsve rse - hdl- Longitutdinal -lh r J
7 *)7-IAo .mmlunxixi Transvcrse - bar Longitudinal -bar

304 St,minlss Stec! lngs\''sc - Loixittidtnal fronm
Sea nless tube 1/2 dia nicter a r

ArlncO Iron Transveurse - from Longitudmnal - from
2-1/4 inch dia mete r 1 /2 dia mete r ha r

Titanium Transveerse - bar Transverse - bar
€a , lu x -1i i i i ii ~ i

4 Vanadlun.m

1015 Steel Tran isvcrse - Plate
Sean-mless tube,'

4340 Steel Trainsve r.e - lIr LongitUdinal - bar

rthur 'i .

-Amhu II .-.4~c l
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['ABLE 1I

ltl'AT TREATNMENT

tRL 
TREATMENT

9~0,• Aluminum Forged tfrom high purity Al ingot. Annealed at 5000C

for 20 minuteS.

7 075-'"-TO Used as received in the T6 condition.

:304 StaInl.ss StecV Annealed at 192ý F-, 1.,:2 hou r water ucnched.

A, o "c I run Annea lCd It 1701•12, 1. 2 hour; fu rnadCC-Ccooled.

I

k Ti-6AI-4'" Used as received fNun Watertown Arsenal

(Solution treated, aged at 1100' F).

1015 Steel Annealed at lo00°F, ,1'2 hour: iurnace-cooled.

4340 Steel (anncalcd) Anneoaled at 1350CF, 1..2 hour: furnace-cooled.

4340 Steel (hardened) Austenlitzed dt 1b000F, o0l quenched; tempered at

, " 8 1()c :', l II O)L 1".

-,

•,If

4'
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"TABLE III

MATERIAL HARDNESSES - VICKERS PYRAMID NUMBER

Taken on ring and tensile specimen cross-section surfaces

MATERIAL RING TENSILE

99.99 Aluminum

7u75 3-TT Aluminum 187 205

304 Stainless Steel 282 271

Arrnco Irun

Ti-6AI-4V 383 415

1015 Steel 124 133

4340 (A) 277 273

4340 (H) 403 494

6A!

,qArthur U~tl.3Lzeinc. --
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III HIGH STRAIN RATE STRESS-STRAIN DATA

High speed photography was used to measure the displacement-timne
behavior of rings of five materials in the second series of tests to me.asure high
strain rate plastic flow parameters The second derivative of the displacement-
tirme curve can Ib used to calculate the stress as a function of strain by the
equation

-= " r 10

where 7 is i(e stres, IS the Ciensitv, r is the instantaneous radius, ro is
the original radius. and ':i is the instanaleous rate of change ol strain rate. The
derivation of this equation can be found in the First Yearly Progress Report (WAL
YR 111.2/20)

The raw displacen,.L-t-lint, data for these tests are given in Tables V T
through IX. TlhC valIues of the diaiMetc rs adiL gilv'•n In teirns of nmeasturements
on magnified images of the high sp ed photogiaphs. and as such ar' in arbitrary
units It will be noted that the first few frames of each test give appioximately
constant iiameter values. These are framces of the ring before expansion begins.
"the original diameter of the ring in the arbitrar-v unit ssystemi is calculated by
averaging the values in these first frames, There were 25 frames in each test;
measurements which are missing represent frames in which the image was fuzzy
or obscured by gas clouds.

In the first series of tests, reported in WAL TR 111 2/20, numerical
tCchniques were used to fit curvcs to the raw data for cach test. Stress, strain,
and strain-rate were calculated numerically from the equations for these curves.
In this latter series, it was found that the displacement-time curves were too
complex to be approximated by simple polynomial expressions, so graphical tech-
niques were used to fit the cur'ves and obtain the second derivatives. Within the
accuracy of our data and the graphical techniques, we were able to obtain only
average stress levels or, at best, linear stress-strain relations. The results
for each tesi are given in Table X A more complete description of the experi-
mental technique, and a comparison of the results with low strain rate results
will be given in the Fifth Interim Report (WAL TR 1Il.2/20-4)

arthur D.l.3ilttlce.11i.
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TAI LL V

RING DIAMIETER - TIME DATA

P). ')0' ALUMINUNM

Test No. 121 Test No. 128 Test No. 1i2
Frame Frame Sepa ration Fra me Separatiofn Frame Sepa ratli

Nc. 4.00 Microseconds 4.00a Mcroseconds 4.00 Microseconds
SDiameter 

DililmetCI DiaWn C'

1 30.03. 30.00
30 15 30. 05 30.10

330.5 30.40 30.45

3 30.35 30.) 30.70

31.00 31.00 31.00

. 31.25 31.30
431 .2-, 31. ()

31 40 31365

31.5, .31.',0
31.83 31 .00-

32.10 32.15
11 32.1,5 32. 0 "

.322.2532.25 32.40 32.235

12 32. 32.5032.35
32.35 32 .4013 3 32.0;:

14 32. 45 32 7 32.45
15 32.30 

4.i

15 32.50 32.80 32.50

15 32.55 32 85 32.50

17 32.50 .32.85 32.50

1) 32.50 32,50

12 32-50 32.85 32.0

21 32.50 32. S32.45

i) 32.50 32.85 32.502C•32 5- .32Gt 32.,,(

.A 32 5 :2. 8532 5

22 32.50 32.85 32.50
23 32.90 32.50
24 32.85 32.50

' rthur '.,ittltJ .
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TABILE V (Continued)

99 ,9 .92-,Z ALUMINUM (Con t .)

lest No. 130 Test No. 131 'Test No. 146

Erae Frame Sepa ration Fra me Separation Frame Separation

No. 4. 00 Mic rosc2:onds 4. 00 Mic roseconds 4.00 Microseconds

Diameter Diaimeter Dia mete r

30-.05 2Q ,-5 30 00

30.10 30.00 30.00

3 30.35 30.35 30.30

4 30.o0 30 55 30.70

-3185 30.81) 31.10

t 31 10 31.10 31 35

31.25 31.25 31.65

8 31 .45 31 •5 31.85

9 31.65 31 o5 32.10
110 31.80 3) 9, 32.35

11 32 .))0 32. 10 32 .0

12 32.10 32.20 32.75

13 32.20 32 30 32.95

14 32.25 32.40 33.10

15 32.30 32.45 33.15

16 32.30 32.50 33.25

17 32.30 32.55 33.25

IS 32.30 32.55 33.30

19 32.30 3 02.0o 33.30

20 32.30 .32.o0 33.30

21 32.30 32.o0 33.30

22 32.30 32.00 33.30

23 32.30 32.0o 33.35

"24 32.30 32.o5 33.35

25 32.30 32 00 ,Gas

Zrthur iKl.Utlr~,Tnc.



7-.

19

TABLE VI

RING DIAMETER - TIME DATA

7075 -T6 ALUMINUM

Test No. 137 Test No. 140 Test No. 141
Frame Frame Separation Frame Separation Frame Separation

No. 2.67 Microseconds 2.67 Microseconds 2.67 Microseconds

Diameter Diameter Diametei

1 30.00 30.00 30.00
2 29.90 29.95 30.00

3 29.90 30.25 30.30
30.15 30.70 30.65

5 30.70 31.00 31.05
6 31.10 31.20 31.25
7 31.45 31.25 31.35
8 31.65 31.35 31.40
9 31.85 31.35 31.45

10 32.00 31.40 31.40
11 32.25 31.60 31.40
12 32.50 31.70 31.40
13 32.75 31.80 31.45
14 33.30 31.90 31.50
15 33.55 32.00 31.45
16 33.90 32.10 31.50
17 24.20 32.20 31.60
18 34 50 32.30 31.60
19 34.'0 32.50 31.70
20 34.50 32.60 31.85
21 34.50 32.75 31.95
22 34.50 32.85 32.00
23 34.50 ;3. 100 32.05
"24 34.50 32.10
25 34.50 32.10

arthur £I•ttle.nr,

I.7
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TABLE VI (Continued)

7075-T6 ALUMINUM (Cont.)

Test No. 142
Frame Frame Separation

No. 2.67 Mic roseconds
Diameter

1 30 00
2 29 95
3 30.00
4 30 35
5 30.75
6 31 15
7 31-35
8 3 1.50
9 31.60

10 31.05
11 31.85
12 32.15

13 32.30
14 32.45
15 32.60
16 32.75
17 32 95
18 33. 10
19 33.30
20 33.50
21 33.60
22 33.70
23 33 90
24 34.10
25 34.35

a•rthur &A.tttlc,Plnr.
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TABLE VII

RING DIAMETER - TIME DATA

TITANIUM - 6 ALUMINUM - 4 VANADIUM

Test No. 123 Test No. 138
Frame Frame Separation Frame Separation

No. 2.67 Microseconds 2.00 Microseconds
Diamnter Diameter

1 30 00 29.90
2 30.00 30.00
3 30.00 30.0 0
4 30.10 30.15
5 30.60 30.45
6 31.00 30.7 T
7 31.25 31 10
8 31.45 31.30
9 31 65 31 40

10 31.85 31.55
11 32 20 31. 95
12 32.35 32.15
13 32.45 32.25
14 32.60 32.50
15 32.65 32.65
16 32.75 32.8(
17 32.80 32.90
18 32 -3 33.00
19 32.80 33.15
20 32.85 33,25
21 32.80 33.25
22 32 85 33.30
23 32.85 33.35
24 32.85 33.35
25 32.85 33.35

,:arthur B.'l.ttfle,hrn.
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TABLE VIII

RING DIAMETER - TIME DATA

304 STAINLESS STEEL

Test No. 112 P'est No. 114 Test No. 115
Frame Frame Separation Frame Separation Frame Separation
No. 4.00 Microseconds 2.67 Microseconds 2.67 Microseconds

Diameter Diameter Diameter

1 30.10 30.05
2 30 ;O 29.95

t), .5 30.15 30.05
31,15 30.15 30.35

5 31.50 30.15 30.80
,3175 30 40 31.25
31.95 30.75 31.55

S32.15 31 15 31 90
9 32.20 31.45 32.25

10 32.25 31.7.5 32.60
11 32.25 32.05 32.90
12 32.15 32.30 33.15
13 32,15 32.55 33.40
14 32 10 32.75 33.65

15 32,05 32.95 33.85
16 32.05 33.15 34.00
17 32.10 33.25 34.15
18 32.05 33.40 34.25
19 32,10 33.55 34.45
20 32.15 33.60 34.55
21 32.20 33.65 34.65
22 32.20 33.65 34.70
23 32.15 33.65 34.80
24 32.20 33.65 34.90
25 32.20 33.65 34.95

21rthur l.littleInc.
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TABLE VIII (Continued)

304 STAINLESS STEEL (Cont.)

Test No. 116 Test No. 124 Test No. 125

Frame Frame Separation Frame Separation Frame Separation

No. 2.67 Microseconds 2.67 Microseconds 2.67 Microseconds

Diameter Diameter Diameter

1 30.15 30.00 29.90

2 30.10 29.95 29.95

3 30.15 30.10 30.00

4 30.40 30.50 30.15

5 30.90 31.00 30.50

6 31.25 31.30 30.80

31.50 31.55 31.10

8 31.75 31.80 31.40

9 32.10 32.00 31.65

10 32.30 32.25 31.85

11 32.60 32.50 32.15

12 32.75 32.70 32 35

13 33.00 32.85 32.55

14 33.15 33.00 32.75

15 33.25 33.10 32.85

16 33.35 33.20 32.95

17 33.40 33.25 33.05

18 3,3.40 33.20 33.10

19 33.50 33.25 33 15

20 33.50 33.20 33.15

21 33.10 33.05

22 33.10 33.05

23 33.10 33.00

24 33.10 33.00

25 33.10 32.85

arthur D.Rittle.lInc.
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TABLE IX

RING DIAMETER - TIME DATA I
ARMCO IRON

Test No. 117 Test No. 122 Test No. 127 ]
Frame Frame Separation Frame Separation Frame Separation

No. 2.67 Microseconds 2.67 Microseconds 2.67 Microseconds

Diameter Diameter Diameter

1 30.05 30.00 30.00

2 30.00 30.00 29.95

3 30.10 30.15 30.00

4 30.35 30.45 30.15

5 30.65 30.80 30.50 A

6 30.95 31.15 30.95 A

7 31.15 31.40 31.35 !

8 31.40 31.65 31.70

9 31.50 31.85 32.10

10 31.60 32.05 32.30

11 31.75 32.25 32.55

12 31.85 32.40 32.65

13 31.95 32.50 32.80

14 32.00 32.60 32.95

15 31.95 32.65 33.15

16 31.95 32.65 33.35

17 31.85 32.65 33.45

18 31.80 32.65 33.60

19 31.85 32.65 33.75

20 31.90 32.60 33.85

21 31.90 32.65

22 31.90 32.65

23 31.00 32.60

24 31.90 32.65

25 31.90 32.65

A

I.!
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TABLE IX (Continued)

ARMCO IRON (Cont.)

Test No. 134 Test No. 135

Frame Frame Separation Frame Separation

No. 2.67 Microseconds 2.67 Microseconds

Diameter Diameter

1 30.00 30 00

2 29.95 30.00

3 29.95 30.10

4 30.10 30.40

5 30.55 30.95

6 30.80 31.30

7 31.25 31.60

8 31-55 31.80

9 31.85 32.O0

10 32.10 32.20

11 32.35 32.35

12 32.60 32.50

13 32.7U 32.65

14 32.95 32.75
15 33.05 32.95

16 33.20 33.10

17 33.30 33.15

18 33.40 33.15
19 33.50 33.20

20 33.55 33.30

21 33.55 33.25

22 33.60 33.25

23 33.55 33.25

24 33.50 33.20

25 
33.20

1.1
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